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Using three-dimensional simulations, we study the dynamics and final structure of merging soli-
tonic cores predicted to form in ultra-light axion dark matter halos. The classical, Newtonian
equations of motion of a self-gravitating scalar field are described by the Schro¨dinger-Poisson equa-
tions. We investigate mergers of ground state (boson star) configurations with varying mass ratios,
relative phases, orbital angular momenta and initial separation with the primary goal to understand
the mass loss of the emerging core by gravitational cooling. Previous results showing that the final
density profiles have solitonic cores and NFW-like tails are confirmed. In binary mergers, the final
core mass does not depend on initial phase difference or angular momentum and only depends on
mass ratio, total initial mass, and total energy of the system. For non-zero angular momenta, the
otherwise spherical cores become rotating ellipsoids. The results for mergers of multiple cores are
qualitatively identical.
I. INTRODUCTION
If dark matter consists of a cold, ultra-light
(pseudo)scalar field, the statistical distribution and
structural properties of collapsed halos may be modified
with respect to the predictions of standard cold dark mat-
ter (CDM) [1–4]. String theory compactifications provide
a class of well-motivated candidate particles with axion-
like properties which are naturally ultra-light, so-called
ultra-light axions (ULAs) [5]. Observations that are sen-
sitive to the small-scale structure of dark matter halos
thus open a unique window onto fundamental physics.
Roughly speaking, Heisenberg’s uncertainty relation
suppresses gravitational collapse on scales below the de
Broglie wavelength of particles with virial velocities [6, 7].
For halo masses of 108 M at z ∼ 5, this is of the order
of kpc if the particle mass is m ∼ 10−22 eV [8]. The
strongest constraint in this mass range to date follows
from the predicted suppression of early galaxy formation
and the measured optical depth to reionization, yield-
ing m > 10−22 eV [3]. While ULAs provide a well-
motivated class of candidate particles, the same phe-
nomenology applies more generally to any massive scalar
field with negligible self-interactions in a coherent non-
thermal state, e.g. as a consequence of being produced by
vacuum realignment, which include subclasses of scalar
field dark matter (SFDM) [9–11] and Bose-Einstein con-
densate (BEC) dark matter [12–15]. The class of scalars
with negligible self-interactions in the mass range rele-
vant for constraints from structure formation is often re-
ferred to as fuzzy dark matter (FDM) [6]. We will follow
this convention here.
To clearly distinguish the effects of FDM from
other modifications of CDM with suppressed small-scale
growth such as warm dark matter, it will be necessary
to search for generic signatures of FDM on halo density
profiles and substructure. One such signature may be
the existence of compact solitonic cores embedded in a
halo with NFW-like density profile, found in cosmological
simulations that used the comoving Schro¨dinger-Poisson
(SP) equations to model FDM [16] (who used the nota-
tion ΨDM to emphasize the wavelike nature of dark mat-
ter). Their density profiles are governed by well-known
equilibrium solutions for self-gravitating scalar fields in
the nonrelativistic regime whose properties have been
studied intensively in the context of Newtonian boson
stars [17–19] and BEC dark matter [20–23]. The core
mass obeys a scaling relation with the mass of the host
halo, Mc ∼M1/3h , which can be motivated by identifying
the characteristic scale height of the solitonic core with
the virial velocity de Broglie wavelength [24]. The pres-
ence of solitonic cores was used to fit the profiles of dwarf
galaxies and suggested as a possible solution of the cusp-
core problem in CDM cosmologies [4, 25]. In collisions of
solitonic cores with exact phase opposition, destructive
interference gives rise to a short-range repulsive force be-
tween the cores [23]. As the authors of [23] pointed out,
in the context of galaxy cluster observations with indica-
tions of an offset between dark and stellar matter [26, 27],
this effect can provide an alternative explanation to self-
interacting dark matter.
These results suggest a rich phenomenology of hier-
archical structure formation in the presence of solitonic
halo cores. They motivate an investigation of their poten-
tial impact on halo substructure, baryonic physics, and
the properties of the earliest generation of galaxies. Ide-
ally, this would be achieved by direct simulations of the
SP equations in large cosmological boxes. Requirements
on the spatial resolution of the SP equations, however,
limit the box size of currently affordable simulations to
∼ 1 Mpc3 in the interesting range of m ∼ 10−22 eV [16],
making a detailed study of halo and subhalo core mergers
infeasible.
On the other hand, since the time scales for major
mergers and subhalo evolution (determined by dynami-
cal friction) are large compared to the gravitational time
scales of the cores, much can be learned from the simpli-
fied problem of isolated mergers of two cores with differ-
ent characteristic properties. One of the key questions is
the efficiency of gravitational cooling of the newly formed
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2core to shed mass and angular momentum as a function of
the binary parameters [28, 29]. The results can be used,
for instance, in semi-analytic models for galaxy formation
in FDM cosmologies.
In this work, we therefore address the simplified setup
of merging solitonic cores in three-dimensional SP simu-
lations. This allows us to perform parameter studies of
total energy, mass ratio, angular momenta, and relative
phase in order to map out their impact on the merging
time, final core mass, and final angular momentum. Col-
lisions and mergers of Newtonian boson stars have been
studied extensively in 2D [30, 31] but we are unaware
of fully three-dimensional simulations with no imposed
symmetries. Furthermore, a systematic investigation of
final core masses after relaxation by gravitational cooling
has been lacking so far. In addition to studying binary
mergers, we also relax the assumption of isolated events
by considering mergers of multiple cores in fast succes-
sion in order to compare our results with those presented
in [24].
The remainder of this paper is structured as follows. In
section II we briefly outline the underlying theory. Our
numerical methods are described in section III. In sec-
tion IV we summarize results from an in depth analysis
of binary mergers of two solitonic cores. In section V
we extend this investigation to mergers of multiple cores.
We conclude in section VI.
II. SOLITONIC HALO CORES
The nonrelativistic dynamics of a coherent massive
scalar field can be described by a function ψ which is
governed by the Schro¨dinger-Poisson (SP) equations
i~
∂ψ
∂t
= − ~
2
2m
∇2ψ +mUψ (1)
∇2U = 4piGρ , (2)
where the density is defined as ρ = |ψ|2. Simulations
of the (comoving) SP equations with cosmological initial
conditions show the formation of halo cores with soli-
tonic profiles [16] that coincide with spherically symmet-
ric, stationary solutions of the SP equations otherwise
known as (nonrelativistic) boson stars[32] [18, 19]. Their
radial density profile is well approximated by [24]
ρc(r) ' ρ0
[
1 + 0.091 · (r/rc)2
]−8
(3)
where rc is the radius at which the density drops to one-
half its peak value and the central density is given by
ρ0 ' 3.1× 1015
(
2.5× 10−22eV
m
)2(
kpc
rc
)4
M
Mpc3
.
(4)
As in [24], we define the core mass Mc as the mass
enclosed by rc and note that in the case of a core with
total mass M it is
Mc
M
' 0.237 M
M
(5)
' 8.64× 106
(
2.5× 10−22eV
m
)2(
kpc
rc
)
' 1.81× 106
(
2.5× 10−22eV
m
)(
E
M
)1/2
s
km
.
[24] show evidence for the same scaling relation between
Mc, E, and M for the final state of multiple core mergers
where E and M refer to the total energy and mass of the
system instead of just the core. We revisit this claim in
section V below.
The SP system and consequently the stationary solu-
tions obey a scaling symmetry of the form [33]:
{t, x, U, ψ, ρ} → {λ−2tˆ, λ−1xˆ, λ2Uˆ , λ2ψˆ, λ4ρˆ}, (6)
where λ is an arbitrary parameter. Note that x ∝ ρ−1/4
consistent with the relation between the average density
of the core and its Jeans length [6]. Throughout this
paper we use an axion mass m = 2.5× 10−22 eV.
III. NUMERICAL METHODS
The Schro¨dinger equation in comoving coordinates [7]
was implemented into the cosmological hydro code Nyx
[34] in order to facilitate its later use for combined sim-
ulations of dark matter and baryons. The field ψ is
discretized on a grid as an additional dark matter com-
ponent and integrated using a 4th order Runge-Kutta
solver. We employed the multigrid Gauss-Seidel red-
black Poisson solver provided by Nyx to compute the
gravitational potential. The cosmological scale factor was
set to a = 1 in all of the simulations reported here. All
simulations used a grid size of 5123 cells.
In all runs, the total mass
M [ψ] =
∫
V
ρd3x (7)
and energy
E[ψ] =
∫
V
[
~2
2m2
|∇ψ|2 + 1
2
U |ψ|2
]
d3x (8)
=
∫
V
~2
2m2
(∇√ρ)2d3x+
∫
V
ρ
2
v2d3x+
∫
V
ρ
2
Ud3x
= Kρ +Kv +W
of the system was monitored. In the second line of Equa-
tion 8, we used the Madelung representation [35]
ψ =
√
ρeiS/~ , v = ∇S/m (9)
and in the last line we divided the total energy into gra-
dient energy Kρ, kinetic energy Kv, and potential energy
3W . Besides total energy, each contribution was measured
separately in order to follow the dynamics of a particu-
lar system more closely. We use units [M ] = M and
[E] = Mkm2s−2.
In addition, conservation of total angular momentum
L[ψ] =
1
m
∫
V
ψ∗ [r × (−i~)∇]ψd3x (10)
=
1
m
∫
V
[
r × ρ∇S + i~
2
∇× rρ
]
d3x
=
∫
V
r × ρvd3x
was verified assuming that the density falls off sufficiently
rapidly that boundary terms vanish.
Owing to Equation 6, the quantities defined above
obey the scaling relations
{M,Kρ,Kv,W,L→ λMˆ, λ3Kˆρ, λ3Kˆv, λ3Wˆ , λLˆ}. (11)
During the relaxation of the system, waves emitted by
the merger carry mass and energy toward the numerical
boundaries. In order to avoid spurious reheating from
reflected waves, we follow [18] and place a ’sponge’ in the
outer regions of the grid by adding an imaginary potential
V (r) =− i
2
V0{2 + tanh[(r − rs)/δ]− tanh(rs/δ)}
×Θ[r − rp] , (12)
to the Schro¨dinger equation which efficiently absorbs
matter. Here r is the distance from the center of the
numerical domain. The Heaviside function Θ ensures
that the non-physical sponge is only added in the outer
regions r > rp. Let rN be half the box size. We then
set rp = 7/8rN , rs = (rN + rp)/2, δ = (rN − rp) and
V0 = 0.6. Although our numerical domains are always
cubic, we use a spherical sponge since the final states of
our simulations are approximately spherically symmetric.
In all runs, the time steps were chosen such that they
fulfill the Courant-Friedrichs-Lewy (CFL) condition [36]
∆t ≤ max
[
m
6~
∆x2,
~
m|V |max
]
(13)
where in all conducted runs the first argument is more
stringent than the second.
We tested our code by considering a single solitonic
core. It was shown in [18, 30] that it is a virialized attrac-
tor solution of a broad class of initial conditions. Hence,
we expect the core to be stable with low-amplitude exci-
tations caused by numerical errors.
The excitation manifests itself in a periodic variation
in the central density. Its amplitude decreases faster than
quadratically with resolution implying fast convergence
of our code. The central density varies at most on the
percent level if rc is resolved by at least 3 cells. For
the simulations described below, the typical resolution
is greater than 4 cells for all binary mergers and most
multiple mergers. The oscillation frequency matches the
one found in [18]. While kinetic and potential energy
oscillate with opposite phase, total mass and energy are
conserved to better than 10−3. The oscillation of ψ in
the complex plane has the expected frequency [18].
We checked convergences of our code also for binary
mergers. Increasing the resolution by a factor of two
alters the results only negligibly. In all runs conserved
quantities stay constant to better than 10−3 until matter
is absorbed by the sponge.
We use the yt toolkit [37] for our analysis of numer-
ical data and for the volume rendering of Figure 4 and
Figure 8. Core profiles were fitted employing the radial
density profile routines around the density maxima. Al-
though cores with non-vanishing angular momentum are
not expected to be perfectly spherical, we find that they
can be well fitted by Equation 3. Below, we therefore
always assume spherical symmetry of the final state.
IV. BINARY CORE MERGERS
One of the distinctive features of hierarchical structure
formation in FDM cosmologies is the presence of halo and
subhalo cores evolving under a sequence of binary merg-
ers which, to very good approximation, can be considered
as isolated events.
As a consequence of the scaling relations in Equation 6,
the initial conditions for an arbitrary binary collision are
fully parametrized by few defining parameters, i.e. the
relative velocity v|| and distance d between the cores,
the mass ratio µ and total mass M , the phase difference
Φ, and the angular momentum Lz perpendicular to the
orbital plane chosen to be in the x-y-plane.
There are two distinct regimes. If the two cores are
unbound (E > 0) they superpose and pass through each
other almost undisturbed [30, 31, 38, 39], behaving like
solitons in this regime. If instead the cores are bound
(E < 0), they merge rapidly forming a new core [30].
Our main result is that the mass of the emerging core
is largely independent of the initial angular momentum,
distance and relative phase, but depends on the ratio of
initial core masses and total energy.
In order to analyse the unbound case, we consider
two solitonic cores with µ ≡ M1/M2 = Mc,1/Mc,2 = 2,
Lz = 0M Mpc km/s and v|| = 4 km/s. The cores are
scaled such that the heavier one has a central density
ρ(0) = 1.36× 1011MMpc−3, (14)
roughly corresponding to the present cosmic critical den-
sity, giving a core radius rc ' 11.6 kpc. We empha-
size that all results are independent of this overall scal-
ing of the problem. The two cores are placed cen-
trally in a 512 kpc cubic box with d = 256 kpc yielding
E ' 8.2× 106Mkm2s−2.
Figure 1 shows the density profiles along the symmetry
axis and the evolution of global quantities (mass and en-
ergy components) for two runs with relative phases Φ = 0
4FIG. 1. Head-on collision of two cores with mass ratio µ = 2 and high relative velocity. Upper panels: density profiles at
different times for relative phases Φ = 0 (left) and Φ = pi (right) along the symmetry axis. Numerical results are shown for the
initial and final state as well as for the time of maximal interference. For comparison, we plot the interference pattern predicted
from Equation 16 at the same time. Deviations can be attributed mostly to a small offset in the time of maximal interference.
Lower panels: mass and energy contributions. Total energy and mass are conserved, while kinetic energy associated to the
cores’ relative motion (Kv) is transferred into the interference pattern yielding large values of Kρ during the interaction. The
equality of the lower panels shows the independence of the evolution with respect to the inital phase shift Φ.
and Φ = pi. The final density distribution as well as the
evolution of the global quantities are practically indistin-
guishable in both cases. Only the interference pattern at
the time of superposition depends on the relative phase.
The observed interference pattern follows directly from
a superposition of the two solitonic cores. Initially, the
cores are placed at ±xˆ(t = 0) = ±d/2. The correspond-
ing wavefunction ψ(t, x) is given by
ψ(t, x) =A1(|x+ xˆ|)ei(kx/2+ωt+Φ/2) (15)
+A2(|x− xˆ|)ei(−kx/2+ωt−Φ/2)
where (A1)
2 and (A2)
2 are the density profiles of the two
cores and k = mv||/~ is the wavenumber corresponding
to their relative velocity. The time tint of maximal inter-
ference is defined by xˆ(tint) = 0. At that time,
|ψ(tint, x)|2 =A1(|x|)2 +A2(|x|)2 (16)
+ 2A1(|x|)A2(|x|) cos(kx+ Φ)) .
We thus expect that the period of the interference pattern
is given by the de Broglie wave length
λ =
2pi
k
=
2pi~
mv||
(17)
corresponding to the relative velocity. Here, λ ' 12 kpc.
It is therefore well resolved by 12 cells.
The interference pattern predicted by Equation 16
matches the numerical results as seen in Figure 1. Dur-
ing the interaction, gravity slightly contracts the density
profiles. Neglecting this small effect, we see that they re-
main in a superposition state of two solitonic cores even
5FIG. 2. Mass, energy and angular momentum evolution of two representative binary collisions with initial values µ = 1, v|| = 0
km/s, and Lz = 2.4 × 104M Mpc km/s (rescaled by 102). Cores with equal phase (Φ = 0) immediately merge (left). In
perfect phase opposition (Φ = pi), the two cores first mutually repel each other multiple times before merging (right). The
bounces are indicated by black arrows. The emerging cores are excited as seen by the oscillations of gradient and gravitational
energy, Kρ and W . The loss of total mass, energy, and angular momentum results from matter absorption inside the sponge.
during their interaction. As expected, the potential en-
ergy mildly increases during the collision, while mass and
total energy are conserved. During the collision, the ki-
netic energy from the cores’ relative motion is stored in
the interference pattern, strongly boosting the gradient
energy contribution Kρ. At later times, the energy is
transferred back to the cores’ motion. There is no signif-
icant decrease in velocity or deformation of the density
profiles due to the collision. The cores thus indeed behave
like solitons in this regime.
The evolution of a bound binary system with nega-
tive total energy is very different. In this case, the cores
rapidly merge and relax to a new solitonic core by grav-
itational cooling [40]. One interesting exception is the
case of binary collisions with perfect phase opposition
Φ = pi and equal masses µ = 1 during which the destruc-
tive interference gives rise to a repulsive effect, causing
the cores to bounce off each other [23].
For our study of bound binary collisions, we placed two
halos along the central axis in a 1024 kpc cubic box with
d = 256 kpc. As before, the cores are scaled such that the
central density of the heavier core obeys ρ(0) = ρcr. We
need the larger box compared to the previous runs since
the two halos emit mass while merging. We require this
mass to be able to propagate sufficiently far away from
the merger before being absorbed inside the sponge.
In Figure 2, we show the mass, energy and angular mo-
mentum evolution of two representative runs with µ = 1,
v|| = 0 km/s and Lz = 2.4×104M Mpc km/s. We again
emphasize that the system can be arbitrarily rescaled us-
ing Equation 6 without changing the results. On the
left, the two cores are in phase. They merge after ap-
proximately one free fall time, tff ' 0.94 Mpc/km s, and
form a new excited solitonic core within roughly one os-
FIG. 3. Evolution of the core (solid lines) and total (dashed
lines) mass for binary mergers. The triplets identify the point
(µ,Φ, Lz) in parameter space. Angular momentum is given
in units of [Lz] = 10
4M Mpc km/s.
cillation period. The core’s frequency f ' 8 km/Mpc/s,
implies that it consists of only 70% of the initial mass
[18] whereas approximately 30 % of the initial total mass
was radiated off by gravitational cooling. This estimate
is confirmed by the evolution of the total core mass
Mc = Mc,1 + Mc,2 and the total mass M shown in
Figure 3. Initially, Mc ' 14M as expected, decreasing
roughly by 30% during the merger. After a while, the
ejected mass reaches the sponge and is absorbed. This
does not alter the results, since in all conducted runs, the
ejected mass is roughly an order of magnitude above the
6FIG. 4. Volume rendered images of two representative binary mergers in phase (top) and with opposite phase (bottom) showing
the central region of the computational domain at t = 0.7, t = 0.94, t = 2.0 and t = 7.0 in Mpc/km s.
FIG. 5. Slice through the symmetry plane of a representative
ellipsoid. Its density is color-coded while arrows denote the
strength and direction of its velocity field. It roughly forms
closed elliptical orbits.
escape velocity vesc =
√
2GM/r and will not fall back
onto the core.
In the case of solitonic cores with equal mass (µ = 1)
but opposite phase (Φ = pi), the destructive interference
gives rise to a repulsive interaction, causing the cores to
bounce off each other several times before merging (cf.
right panel of Figure 2). This behaviour was also ob-
served in [23]. The arrows indicate the bounces which
result in a noticeable compression of the individual cores.
Radiation produced by each encouter results in a damp-
ing of the bounces and a decreasing amplitude of the
compression. Eventually, the symmetry is broken by the
accumulation of small numerical errors producing a slight
phase shift, causing the cores to merge in the end. At
later times, the evolution is qualitatively identical to the
case with Φ = 0 as can be seen by comparing the core
and halo mass evolution in Figure 3.
Volume rendered images of both runs are shown in
Figure 4. Especially in the upper panels, a noticeable
eccentricity of the newly formed core can be recognized.
These rotating ellipsoids are qualitatively those investi-
gated in [22, 41–44]. In particular, their internal velocity
fields roughly confine density distributions on elliptical
orbits. A slice through a representative ellipsoid is shown
in Figure 5. Further analysis will be the subject of future
work.
We tested the sensitivity of the repulsive interaction to
small deviations from exact phase opposition by consid-
ering a phase difference Φ = 7/8pi. In this case, only a
single bounce occurs before the cores merge. Similarly,
for a mass ratio µ = 2 and Φ = pi the cores merge with-
out any observable repulsion. These results suggest that
in any realistic scenario absent finely tuned phase oppo-
sition and mass equality, repulsive behavior of colliding
solitonic cores can be ignored for all practical purposes.
We conducted a series of binary mergers spanning
the parameter space (µ,Φ, Lz). For all runs, we set
v|| = 0 km/s, µ ≤ 2, and Lz ≤ 7.2 × 104M Mpc km/s
so that the cores are bounded and overlap when reach-
ing the semi-minor axis. Our main result is that the
core mass evolution is nearly independent of these pa-
7FIG. 6. Binary mergers with different mass ratios µ. Left: evolution of the core mass of the more massive core. Right: final
radial density profiles. Solid lines represent fitted core profiles as defined in Equation 3. The black line corresponds to r−3 as
expected for the outer parts of an NFW profile.
rameters within the considered ranges. In all cases, the
mass of the emerging core is approximately 70% of the
sum of the progenitors’ core masses. The core and total
mass evolution of eight representative runs are shown in
Figure 3. The ratio between final core and total masses
is approximately one fifth implying that 80% of the re-
maining bound mass resides in the solitonic core while
the remainder has formed a diffuse halo around it. Note
that due to the restriction to small angular momenta and
mass ratios, the total energy varies only very little for all
runs. The energy dependent final core masses Mc(E) of
the above runs are shown in Figure 7 (run 1).
Assuming a constant fraction of final to initial core
masses of ∼ 70% even for µ 6= 1 implies that the final
core is less massive than the more massive progenitor if
µ & 7/3. We therefore expect the change of Mc of the
more massive core to saturate at roughly this mass ra-
tio. This is qualitatively confirmed by our simulations.
For µ & 2, the less massive core is completely disrupted
and forms a diffuse halo. Figure 6 shows the core mass
evolution for different mass ratios (left). Here, the initial
core mass corresponds to the more massive core. On the
right, the final radial density profiles can be seen. They
consist of a solitonic core well fitted by Equation 3 and a
shallow outer tail. Interestingly, the tails in all cases ap-
proximately follow a power law decline with a logarithmic
slope of roughly −3 as expected for the outer parts of a
Navarro-Frenk-White (NFW) halo profile. This behavior
is consistent with the results of [24] but finding NFW-like
halos already in the case of binary mergers suggests that
it may be more robust than previously expected.
The fitted core masses are mildly energy dependent as
can be seen in Figure 7 (run 2). They very broadly follow
FIG. 7. Core mass as a function of the total energy and mass.
The star indicates the relation for a single solitonic core. Run
1 denotes the simulations with almost equal total energy for
different angular momenta and phases. Runs 2 and 3 show the
dependence on mass ratio µ and total energy E, respectively.
Multiple core mergers are shown as run 4 (cf. section V). See
main text for details.
a power law with
Mc
M
= 656
( |E|
M3
)1/4
M
1/2
 km
−1/2s1/2. (18)
In Figure 7, the final core mass Mc is normalized to the
initial total mass M in order to obtain an invariant rela-
tion with respect to the scaling properties given in Equa-
tion 11. For a single solitonic core, Mc/M ' 0.237 and
|E|/M3 ' 1.7 × 10−14M−2 km2s−2 as indicated by the
black star in the upper right corner. This point is con-
sistent with Equation 18 since a single core is the limit
8FIG. 8. Density distribution of a multimerger simulation with 13 halos at different times.
of infinite mass ratio. A single core is the ground state
solution of the SP system. It is therefore the point of min-
imum energy and maximum core mass per total mass.
Finally, we conducted a series of runs with Φ = 0,
µ = 1, Lz = 0 and varying d and v|| over a wide range
of energies. The fitted final core masses are collectively
shown in Figure 7 (run 3). The dashed line corresponds
to
Mc
M
= 46.7
( |E|
M3
)1/6
M
1/3
 km
−1/3s1/3 , (19)
indicating a weaker energy dependence for µ = 1 than
for larger mass ratios.
In conclusion, our results for binary mergers show con-
sistently that the final core mass does not depend on ini-
tial phase difference but only on mass ratio, total initial
mass, and total energy of the system. It depends on an-
gular momentum, relative distance and velocity only via
the total energy.
V. MERGERS OF MULTIPLE CORES
In order to study more complex, non-equlibrium prob-
lems we follow [24] and investigate mergers of multiple
cores. From our previous analysis we know that the merg-
ing time of binaries is negligible with respect to the typ-
ical free-fall time. We can therefore safely assume that a
multimerger consists of a series of binary mergers within
a deeper gravitational well.
For all runs, we draw halo masses from a Gaussian
distribution within the 2σ-band around a chosen average
halo mass. We then place the halos uniformly inside the
central numerical domain, rejecting positions that would
result in an overlap of halos or close proximity to the
outer sponge. Rejected halo positions are redrawn until
acceptable. Halos are initialized with random phases. We
simulated multimergers of up to 13 halos. As a typical
example, Figure 8 shows the volume rendered images of
a multimerger with 13 halos at three different times.
FIG. 9. Final radial density profiles for all conducted multi-
merger runs. Solid lines represent fitted core profiles as de-
fined in Equation 3. The black line corresponds to r−3 as
expected for the outer parts of an NFW profile.
The final radial density profiles for all runs are pre-
sented in Figure 9. As in the case of binary mergers and
in full agreement with [24], their central regions can be
fitted with a solitonic core profile, Equation 3, while the
tails fall off like r−3 consistent with the outer profile of
an NFW halo. The final core masses are summarized in
Figure 7 (run 4). We cannot confirm the Mc ∼ (E/M)1/2
scaling shown in [24] which may in part be a consequence
of the fact that, in contrast with their analysis, all results
in Figure 9 are normalized to the initial total mass M .
This eliminates any scaling with energy originating only
from the scale invariance of the SP system, making the
results more sensitive to the intrinsic energy dependence
of multimergers. We verified that this discrepancy is un-
related to the initial phase shifts of individual halos.
9VI. CONCLUSIONS
We presented an investigation of merging solitonic
halo cores in full three-dimensional simulations of the
Schro¨dinger-Poisson (SP) equations without assuming
any symmetries. These cores have been predicted to
form in the center of ultra-light axion dark matter ha-
los. Their structure is identical to Newtonian oscillaton
solutions also known as boson stars.
Our results demonstrate a number of robust features
of binary core mergers. Qualitatively, bound systems
rapidly merge within roughly one oscillation period of the
emerging core after approaching to a distance at which
the characteristic core radii overlap. It was shown in [45]
that luminous matter cannot follow these extreme dy-
namics and is expelled from the gravitational potential.
During this dynamical phase, gravitational cooling is
most efficient and essentially determines the loss of mass
and angular momentum of the merged core, while contin-
uing to dampen its excitations during the ensuing several
oscillation periods. One exception is the case of perfect
phase opposition and equal masses in which case the cores
initially repel each other, leading to a bouncing behavior
until small accumulated phase differences again cause a
rapid merger on a dynamical time scale. Owing to the
fine tuning required for this situation, we do not consider
it relevant in the context of cosmology.
The mass of the emerging core does not directly depend
on the binary angular momentum, initial distance, and
phase shift between the solitonic cores. It does depend
weakly on their mass ratio and total energy. The mass
of the more massive core can only be enhanced by binary
mergers with mass ratio µ < 7/3. Otherwise, the smaller
core is completely disrupted and forms an NFW-like halo
around the more massive one.
Neither for the binary mergers nor for the sample of
multiple core mergers we were able to reproduce the scal-
ing of core mass with total energy and mass, Mc ∼
(E/M)1/2, reported in [24]. After normalizing our re-
sults to equal total mass using the scale invariance of
the SP equations in order to eliminate spurious scaling
behavior, we find no convincing evidence for a univer-
sal scaling of core mass with total energy. More detailed
analysis with larger ranges of Mc and E and comparison
to cosmological simulations of the SP system are needed
to further elucidate this discrepancy.
The final states of both the binary and multimergers
are roughly spherical symmetric. We confirm that their
radial density profiles consist of a solitonic core well mod-
eled by Equation 3 and an NFW-like outer region falling
off as r−3 [24]. If the system is initialized with non-zero
total angular momentum, we qualitatively recover the ro-
tating ellipsoidal cores studied in [22, 41–44].
Our results are useful for a refined modeling of the
properties of halo cores in FDM cosmologies, for instance
in stochastic merger tree realizations of the halo and sub-
halo population [46]. This approach complements other
simplified structure formation models that include the
effects of the linear transfer function [47, 48] and mass-
dependent collapse barrier [2, 3, 49] but neglect the pres-
ence of solitonic cores. They might also help to under-
stand the relation of core and halo masses in cosmological
FDM simulations [24]. Eventually, the consequences of
solitonic cores for galaxy evolution will have to be better
understood in order to tighten the constraints on ultra-
light axion masses from reionization, the UV luminosity
function, or halo substructure. Simulations of more real-
istic cosmological setups including baryonic physics are
in preparation.
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